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ABSTRACT
The preparation of enantiopure homopropargyl alcohols (but-3-yn-ols) is of high importance to the
scientific community. They are employed as valuable pharmaceutical intermediates and are opportune to
generate antiviral nucleoside analogues. Chiral inducement of these molecules thus far has been poor (low
ee) and has constituted a key challenge for asymmetric synthesis in the last few decades. Enzymecatalyzed enantioselective reductions of ketones have become popular to produce thus-prepared synthons
on an industrial scale. Among them, biocatalysts (dehydrogenases, reductases) emerge as a biodegradable
option for chemical transformations, in comparison to chiral catalysts that employ highly toxic metals.
This research investigates the catalytic activity of a novel alcohol dehydrogenase in the enantioselective
reduction of para-phenyl substituted alkynones. Through unpublished results, this enzyme exhibits unique
characteristics that resolve issues of substrate insolubility with hydrophobic compounds. Due to the
extensive synthetic challenges outlined in this study, much of this work focuses on the two-step synthetic
strategy utilized in the preparation of putative, enzymatic starting materials. The difficulties associated
with competing allenylation, and substrate instability were arduous to circumvent and contributed to low
product conversion. The enzyme turned out to be the most active in the reduction of 1-(4-methoxyphenyl)
hex-3-yn-one, a non-terminal acetylenic functionality, furnishing resolution products in a highly enriched
form (>99% ee). Terminal propargyl functionalities proved too unstable to undergo enzymatic reduction.
Subsequent steps will involve the synthesis of non-terminal propargylic ketones for enzymatic screening.
The identification of reaction products was confirmed by Gas-Chromatography Mass Spectrometry
(GCMS) and Nuclear Magnetic Resonance (NMR).
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CHAPTER 1: INTRODUCTION
1.1 The Importance of Alkyne Derivatives and Chiral Alcohols in the Pharmaceutical Industry
The successful synthesis and development of a stereogenic compound plays an essential role in
the production of an enantiopure substance (Fig. 1.1). Chiral compounds are ubiquitous amongst all
biological molecules (i.e., proteins, carbohydrates, nucleic acids, lipids) and are observed in 50% of all
pharmaceuticals and agro-chemicals.1 Within this frame of reference, current industrial applications
require the use of advanced chiral technologies (i.e., enantiomeric separation, chiral switching, etc.) and a
wide array of nonracemic building blocks consistent with FDA-imposed regulations to synthesize
enantiomeric active pharmaceutical ingredients (APIs) in
a proficient manner.2,3

Fig.1.1 Representation of optically active drugs.
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The preparation of many active ingredients involves multistep syntheses and is often hindered by
the cross-reactivity of other functional groups. Shorter synthetic routes to yield stereospecific compounds
are possible with the use of highly energetic or “spring-loaded” reagents to produce the high yield of a
single reaction product.4 Lower manufacturing costs and reduced rates of unwanted contamination serve
as prime benefits from the use of these methods. For these reasons, the development of simple, efficient,
and high yield synthetic strategies is of great interest to the pharmaceutical industry.
1.1.1 Spring-Loaded Reagents
Carbon-carbon and carbon-heteroatom bond forming reactions generally endow a modest
thermodynamic driving force.5 Often by application of Le Chatelier’s principle (i.e., azeotropic removal
of water), these processes require an additional “push” to reach chemical equilibrium in the laboratory.
This can be achieved from entropic considerations (i.e., intramolecular ring closure in the absence of
strained rings), as well as coupling desired processes with exothermic co-reactions.
Comparably, spring-loaded reagents are characterized by an inherent thermodynamic driving force of
at least 20 kcal mol-1. These reactions permit favorable reaction conditions for reagents to “click” or
autonomously join as modular blocks.6 Therefore, the necessity to couple reactions with exothermic coprocesses are no longer required. Otherwise considered as “Click Chemistry,” these reagents are
described as "spring-loaded for a single trajectory." Click reactions are characterized by versatility,
reliability, and applicability to small-scale and large-scale productions. The reactions proceed under
benign conditions (i.e., moisture insensitive, non-toxic organic solvents), generate stereospecific products
in high yield, and afford facile purification by nonchromatographic methods.
Up-to-date literature sources have identified four major classifications of click reactions: (1)
Cycloadditions- 1,3 dipolar cycloadditions, Diels-Alder cycloadditions; (2) Nucleophilic ring openingsepoxides, aziridinium ions, cyclic sulfates, etc.; (3) Non-aldol type carbonyl chemistry- ureas,
hydrazones, oxime ethers, etc.; (4) Additions to carbon-carbon bonds-epoxidations, dihydroxylations,
Michael addition (Fig. 1.2).4
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Fig 1.2. Primary classifications of click chemistry reactions.7

Among these classifications, the Huisgen [3+2] dipolar cycloaddition (HDC) of Azides and terminal
alkynes to produce 1,2,3 triazoles is most idealized. The reported applicability and tolerance to various
functional groups constitute this a reaction as a paradigm to click chemistry.8 As illustrated in Scheme
1.1, the more recent advancements to the strategy promote specific regioisomers from the respective
catalysts [Cu(I), Ru (II)].9
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Scheme 1.1. Ruthenium (II) and Copper (I)-catalyzed Husigen dipolar cycloadditions (HDC) of Azides
(2) and alkynes (1).9
1.1.2 Industrial Applications of Acetylenic Derivatives
As demonstrated, alkyne derivatives and corresponding acetylenic compounds are frequently used in
pharmaceutical applications as robust functionalities.5 In comparison to other carbon-to-carbon moieties,
alkynes are more readily reactive toward electrophilic substrates, making them more susceptible to
undergo a vast number of chemical transformations. Chemical transformations of acetylenes are often
employed through the electrophilic addition of various reagents across the carbon-carbon triple bond (i.e.,
alkyl halides, halogens, boranes or cyanides, water in the presence of acids).2
Furthermore, the above-mentioned 1,3 Cu(I)-HDC of Azides and alkynes has been widely
utilized throughout medicinal chemistry to facilitate lead discovery and development.2 Alkyne reduction
[i.e., selective (E/Z) olefins, full reduction to paraffins], deprotonation (nucleophilic addition and
substitution), and oxidative cleavage into carboxylic acids are also common reactions observed with this
compound (Scheme 1.2).
2-propynol, a propargylic moiety of terminal acetylenic compounds, is reported as a privileged
motif in the production of numerous active ingredients.2 They are primarily utilized through cross-
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coupling reactions (i.e., Sonogashira, Castro Stevens), alkyne trimerizations, allylsilations, eneyne
metathesis, and ring annulations.

Scheme 1.2. Chemical transformations of the acetylenic moiety.10 [a] H2/Pd-C; [b] H2O, HgSO4, H2SO4;
[c] Na, NH3; [d] n-BuLi, CO2/HCl; [e] Ar-X, Pd-cat, CuI; [f] n-BuLI/THF; [g] Cu-salt, RN3; [h]
Fe(acac)2, K2CO3
Industrial applications involve the use of 2-propynol as monoamine oxidase inhibitors (MOA).2
This includes Type A inhibitors (MAO-A) [clorgiline, (Clorgilinium®)] and type B inhibitors (MAO-B)
[selegiline, (Emsam®, Eldepryl®, Zelapar®, etc.); pargyline, (Eutonyl®); rasagiline, (Azilect®)] which are
predominantly used in the treatment of Parkinson’s disease. The group is also found in structures of the
muscarinic acetylcholine receptor used to treat Alzheimer’s disease. Other applications give function to
various protoporphyrinogen-IX oxidase (PPO) inhibitors structured against the pathogens of arable crops.
This involves oomycetes fungicides (mandipropamid, Revus®), and perioxidizing herbicides [flumioxazin
(Pstanal®); flumipropyn, (S2321®); oxadiargyl, (Topstar®); azafenidin (Azafenidin®); thidiazimin, (UNI-
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Z1USL6USPO®); pyrzogyl, (AEB172391®)]. The multiple avenues for therapy advancement give this
motif its reputation as a privileged structure in the pharma industry (Fig. 1.3).

Fig 1.3. Chemical structures of pharmaceuticals with propargyl moieties.
1.1.3 Industrial Applications of Chiral alcohols
In addition to alkynes, chiral alcohols are highly versatile for a variety of pharmaceutical
applications. Their use as preservatives, reagents, and solvents is due to their ability to dissolve both polar
and non-polar substances.11 Their common use as a diluent is due the presence of its strongly polarized
-OH bond which forms hydrogen bonds with other -OH groups, hydrogen atoms, and other molecules.
They are easily synthesized and transformed into other compounds, making them important intermediates
in organic synthesis. Multistep syntheses may use nucleophilic substances to form an alcohol with a
desired configuration, followed by reactions to convert the hydroxyl group of the alcohol to its desired
product.12 Current pharmaceutical applications involve their use as precursors and/or products for bmethylglutaryl-CoA (HMGCoA) reductase inhibitors (Atorvastatin®, Liptor®, Rosuvastatin®,
Simvastatin®), rhinovirus protease inhibitors (Rupintrivir®), antianxiety drugs (Buspirone, Buspar®),
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antiviral agents (Atazanavir, Reyataz®), anticancer drugs (Paclitaxel; Taxol®, Abraxane®), and many
others (Fig.1.4).13

Fig.1.4. Bioactive molecules synthesized through alcohol intermediates.13

1.1.4 Homopropargyl Alcohols
As demonstrated above, stereogenic alcohols and alkynes are utilized to prepare varied
pharmaceutical ingredients. When conjoined, resulting homopropargylic alcohols (β-hydroxy alkynes) are
observed as valuable chiral synthons in medicinal syntheses.2 As shown in Schemes 1.3-1.5, these
compounds are valuable intermediates of antiviral nucleoside analogues: 5-substituted dihydrofurans (via
gold-catalyzed methodology), 2, 3-dihydrofurans (via Molybdenum-mediated cycloisomerization), and 3,
4-allenols (via Crabbé homologation).
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Scheme 1.3. Gold-catalyzed synthesis of dihydrofuran-3-ones via intermolecular oxidation of terminal
alkynols.14

Scheme 1.4. Molybdenum cycloisomerization of alkynyl alcohols to endocyclic enol ethers.15

Scheme 1.5. Preparation of 2,3 or 3,4 allenols via Crabbé homologation of terminal alkynols.16
It stands to mention that the chiral inducement of homopropargyl alcohols via aldehyde
propargylation is highly unsatisfactory (poor ee).2 Literature review of alike chiral syntheses are often
characterized with significant reaction limitations; including reagents that are costly, moisture-sensitive,
low-yield, difficult to prepare, and prone to generate undesired reaction byproducts. In view of these
facts, industrial biocatalytic applications are reported to accelerate reaction rates with excellent
enantioselectivity.17 Therefore this study investigated biocatalysis to construct optically active
homopropargyl alcohols in a cost-efficient and facile manner.

17
1.2 An Introduction to Biocatalysis
1.2.1 Background Information
The enantioselective synthesis of chiral alcohols is one of the greatest challenges in organic
chemistry; primarily from its direct influence on the biological activity of desired APIs.18 On this basis,
literature has confirmed distinct routes to obtain enantioenriched products via chemical or biocatalytic
pathways.13
The superiority of biocatalytic reactions to traditional catalysts (enhanced regio-and
enantioselectivity) is supported by multiple sources.13,19,20 Its methodology catalyzes reactions under mild
conditions that utilize biodegradable components with minimal waste (green chemistry). The most
prominent biocatalysts [i.e., Ketoreductases (KREDs), lipases, hydrolases] have obtained enantioenriched
products with excellent enantioselectivity (>99% ee); parallel to transforming complex multistep
syntheses into simplistic routes.13 As a result, the intrinsic drawbacks of extreme reaction conditions (i.e.,
toxic solvents, high temperatures) are presumptively avoided (i.e., isomerization, racemization,
epimerization, compound rearrangement).

Biocatalysis

Chemocatalysis

Biodegradable
Regioselective
Low toxicity
Chemoselective
Simple strategies Enantioselective
Enhanced properties

Fig 1.5. Comparison between biocatalysts and chemocatalysts.21

More toxic
Organic solvent
Multiple steps
Cost Incurring
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1.2.2 Types of Biocatalysts

Biocatalytic reactions are characterized into four classes, based on complexity and cost
contribution: (1) purified enzyme, (2) multi-enzymatic cascade, (3) cell-free extracts, and (4) whole-cell
catalysts (Fig. 1.6).22

Fig. 1.6. Four major classifications of biocatalysts. Adapted from ref.22
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1.2.2.1 Whole-Cell Catalysts
Whole cells (i.e., bacteria, archaea, insects, mammals, etc.) have functioned as biocatalysts in
numerous transformations (i.e., amines to alcohols, biofuel productions, pollutant removal).23 Cells are
cultured, isolated, and resuspended in a biotransformation media to produce a desired product. Reaction
processes are advantageous in transforming multistep pathways without the requirement of protein
isolation or cofactors.24 Seeing as these transformations function within the native cell environment,
whole cell bioprocesses exhibit prolonged enzymatic activity and increased catalytic performance as
additional benefits. Inversely, these processes are often confounded by subsidiary metabolism, thus
affording undesirable byproducts, and limiting reaction control. To increase the use of whole cells and
enzymes in industrial processes, biocatalysts with desired properties are required. On this premise, wholecell catalysts with engineered active sites (desired enzymatic properties) justifiably resolve reaction
drawbacks.
Nowill et al.25 employed this modification to the asymmetric reduction of b-keto nitriles via
engineered yeast keto reductase enzymes (Scheme 1.8). Underneath the direction of Brent Feske, the
respective reductases were placed into Escherichia coli (E. Coli), subsequently creating a bakers’ yeast
reductase library. A variety of asymmetric b-hydroxy nitriles were obtained in good to excellent
enantioselectivity (90-99% ee). Notably, the represented results inspired the present research study to
investigate the asymmetric reduction of b-keto alkynes.
O
C
R

23

N

B.Y. Reductase
Library
90-99% ee

OH
R

*

C
24

Scheme 1.6. Enzymatic screening of b-keto nitriles via whole-cell bioprocess.25

N
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1.2.2.2 Cell-Free Extracts
An alternative route to biocatalysis has gained considerable attention towards methodologies with
genetically modified organisms (i.e., E. Coli).24 The respective biocatalysts are prepared from
recombinant cell-free extracts (or lysates) as an inexpensive source of all requisite enzymatic activity.
Signifying that a single preparation satisfies the necessary enzymes for cofactor recycling. According to
this approach, recombinant (overexpressed) enzymes are supported from endogenous enzymes in
performing complex biochemical reactions. Additional benefits include increased reaction control (from
absence of cell membrane) and optimized substrate and catalyst loadings. Conclusively, the negative
correlation between enzymatic stability and background metabolism is sustainably resolved from using
inhibitors and engineered strains.
Dudley and Anderson26 have demonstrated the potential of this approach from the production of
mevalonate, a valuable intermediate of isoprenoids. The reconstruction of mevalonate in vitro (acetylCoA to mevalonate) was catalyzed by three overexpressed recombinant enzymes; subsequent to
enzymatic transformation of glucose to acetyl-CoA via endogenous enzymes.

1.2.2.3 Purified Enzymes
Literature gives considerable attention to isolated biocatalysts that are obtained via overexpressed
recombinant enzymes.24 As an alternative to whole-cell and cell-free bioprocesses (precursors), purified
enzymes demonstrate enhanced chemo-, enantio-, and regioselectivity of reaction products. Additional
benefits parlay increased reaction control and smaller reactor volumes as exclusive functionalities.
Alissandratos24 has reviewed all biocatalysts to demonstrate intercompatibility, regardless of
differentiated sources (i.e., bacteria, archaea, insects, mammals). This employs an additional advantage to
combine diversified enzymes for complex, multistep enzymatic transformations. This approach has been
demonstrated successfully in literature, including the reconstitution of de novo purine and pyrimidine
syntheses to develop labeled nucleoside triphosphates (NTPs) from simple feedstocks (i.e., bicarbonate
and canonical amino acids) in a multistep enzymatic cascade.24

21
The directed evolution of biocatalytic processes (whole cells to cell lysates to purified enzymes)
provides opportunity to work with simpler, cleaner reaction systems.27 Each modification minimizes
downstream processing, which refers to the recovery and purification of active ingredients.28 In
comparison to isolated biocatalysts, whole cells are very difficult to extract and purify desired reaction
products.
Unfortunately, the process to obtain purified biocatalysts have some intrinsic drawbacks; all
stemming from the expense of biocatalyst separation. Cost contributions increase proportionally; relative
to the quantity of enzymes that are separately manufactured and isolated. Further to this, enzymatic
activity is cofactor-dependent; specific to reaction and substrate specificities, but restricted to certain
operating conditions (i.e., unstable to acidic, thermal conditions and long-term storage; intolerant to toxic
products; low product recovery).24,29 Nevertheless, the investigation to optimize cofactor regeneration
methods is underway; aiming to improve atom economy and productivity rates.30
1.2.2.4. Cofactor Regeneration
As discussed, in vitro enzymatic applications are often accompanied by organic cofactors (i.e.,
NADH).24 These molecules yield greater productivity from functioning as cosubstrates but are
prohibitively required in stoichiometric amounts. Furthermore, their function is essential to reductive
hydride-transfers, which are conversely difficult to isolate and maintain. Present-day methods (Scheme
1.7) couple desired processes to auxiliary enzymatic reactions, thus facilitating regeneration of the spent
cofactor through an inexpensive coenzyme (i.e., glucose dehydrogenase, formate dehydrogenase). This
maintains the continuous production of the cofactor when applied in catalytic amounts, bypassing
prohibitively high cofactor concentrations, which could potentially lead to substrate inhibition.
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Scheme 1.7. NAD+ regeneration is facilitated by glucose dehydrogenase (GDH). 3-oxo-3phenylpropanenitrile (25) to 3-hydroxy-3phenylpropanenitrile (26).31
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1.3

Enzymatic Preparation of Chiral Alcohols

Purified biocatalysts predominate industrial-scale syntheses of enantioenriched alcohols.32 As
such, Ketoreductases [KRED or alcohol dehydrogenase (ADH)] and Lipases are often employed to isolate
the respective stereoisomers with excellent enatioselectivty.20

1.3.1 Lipase-catalyzed Transesterification of Racemic Alcohols
Lipase-catalyzed reactions of racemates are industrially attractive from characteristics of regio-,
chemo-, and enantioselectivity.33 Lipase-mediated transformations are advantageous since they function
without the use of cofactors, but are restricted to substandard conversion rates (maximum 50%) via
kinetic resolution.34 Kinetic resolution of racemic alcohols via transesterification often employs enol
esters (i.e., vinyl acetate, isopropenyl acetate) as acyl donors to promote optimal reaction conditions
(slower rates with free carboxylic acids and simple esters). Ideally, Lipases function to “kinetically
resolve” or discriminate between the two enantiomers of a racemic mixture. The lipase catalyzes
transesterification by acetylating the preferred enantiomer (exhibits a faster reaction rate) to produce an
enriched product. The unreacted residual enantiomer (half of the racemate) does not undergo acetylation
(50% conv). Apropos to Scheme 1.8, Chojnacka et al.35 reported the lipase-catalyzed transesterification of
racemic aliphatic, allylic alcohols yielding resolution products in high enantioselectivity (90-95% ee) with
anticipated conversion rates (<50%).
33

Literature sources mentioned the impact substrate solvation and solvent stability have on lipase

activity (i.e., poor reaction conversion).33 Notably, these enzymes proceed well with an organic–aqueous
interface as compared to aqueous environments. Considering these facts, the use of thermostable
biocatalysts with comparable solvent tolerance is plausible to efficiently synthesize pharmaceutical
intermediates.36
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Scheme 1.8. Kinetic resolution of racemic allylic alcohols in lipase-catalyzed transesterification. Adapted
from ref.35

1.3.2 ADH-Catalyzed Asymmetric Reduction of Prochiral Ketones
In comparison to lipase-mediated syntheses, alcohol dehydrogenases (ADH) are theorized to
afford significantly better reaction yields (>99%) of a desired enantiomer via the asymmetric reduction of
prochiral ketones.19 This class of enzymes demonstrate a varied tolerance (low to high) towards industrial
solvents [i.e., dimethyl sulfoxide (DMSO), methanol (MeOH), hexane, tert-butyl methyl ether (TBME)],
and have reported function in both aqueous and non-aqueous environments. Considering the prevalence
of biocatalysts in pharmaceutical applications, prochiral ketone reductions catalyzed by alcohol
dehydrogenases have been extensively studied in literature.
ADH-catalyzed reductions adhere to the following mechanistic pathway: (1) the reduced
enzyme/coenzyme complex binds the respective ketone; (2) NAD(P)H transfers the hydride to the ketone
substrate; (3) the resultant chiral alcohol is released from the oxidized enzyme/coenzyme complex; (4)
NAD+ is released from the enzyme and is subsequently reduced to NAD(P)H (cofactor regeneration).
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Noted in Scheme 1.9 and 1.10, the Si- or Re-face attack determines the stereochemical pattern of the
chiral alcohol.
Re
face

H

Re face
attack

H3C
Ph

Si face
attack

O
H3 C
33
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Scheme 1.9. Example synthetic pathway of prochiral ketone reduction and stereochemistry.
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Scheme 1.10. Example mechanism of a hydride transfer via NAD(P)H to the respective b-keto nitrile
(25).
The reported methodology is applicable to a broad spectrum of substrates. Literature sources
demonstrate that ADHs supersede biocatalytic alternatives (i.e., lipases) in regioselectivity,
enantioselectivity, and synthetic versatility (mild aqueous conditions). In theory, all target substrates are
acceptable for enzymatic reduction (within reasonable size restrictions). However, hydrophobic substrates
bearing bulky substituents (i.e., isopropyl phenyl ketone) are a caveat to reported ADHs, resulting in
decreased enzymatic activity and higher production costs. Therefore, the discovery of novel ADHs that
tolerate hydrophobic and sterically hindered ketones, conceive the expansion of ketone substrates suitable
for ADH reduction.
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1.4

Enantioselective Synthesis of Homopropargyl Alcohols

The synthetic versatility of homopropargylic alcohols is paramount to synthesize complex
pharmaceutical ingredients.10 Nucleophilic displacement of the a-hydroxy is applicable to produce
ribonucleotide precursors for antiviral therapies. The high nucleophilicity of the alkyne character in
accordance with moderately acidic protons (terminal acetylenic hydrogen atom, a-substituted hydrogens,
hydroxy proton), offer a handle for further synthetic transformations on an industrial scale.
Current synthetic methods to synthesize chiral homopropargyl alcohols involve asymmetric
nucleophilic addition of metalloallenes (i.e., allenyltri-n-butylstannanes, allenylboronic esters,
allenyltrichlorosilane, 10-TMS-9-borabicyclodecanes, allenylzinc), or propargyls (i.e., propargyl halides,
propargyl borolane, propargyliisobutylaluminum) to aldehydes in the presence of chiral catalysts.2 The
corresponding Lewis acids (i.e., BINOL-Ti (IV) complexes), Lewis bases (i.e., 2, 20 bipyridine Nmonoxides), and Bronsted acids (i.e., BINOL-derived phosphoric acids and carboxylic acids) are
frequently employed as catalysts in these methods. Furthermore, catalysts promoted by metal complexes
have also proved efficient for this method [i.e., bis (8-quinolinato) (TBOx) chromium complex, Cr (II)carbazole tridentate ligand complex]. Reported methods for the synthesis of chiral propargyl alcohols are
highlighted in Scheme 1.11 and Scheme 1.12.10

Scheme 1.11. Reported methods for the synthesis of propargyl alcohols via Ru-catalyzed reduction of
propargylic ketones. 10
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Scheme 1.12. Reported methods for the synthesis of propargyl alcohols via asymmetric nucleophillic
addition.10
Although other industrially attractive compounds were considered for this study, a-substituted bketo alkynes were of particular interest because they offer the opportunity to generate two chiral centers
via Dynamic Kinetic Resolution (DKR).This process is achieved by a fast-reaction path of
keto−enol tautomerization by prochiral reduction of the respective ketone 43.

FAST!
44
4

43

Complex is
not formed

Reductase

45

Reductase

Hydridetransfer

46

Scheme 1.13. Dynamic kinetic resolution (DKR) of an a-substituted b-keto alkyne.

28
Considering these facts, the asymmetric reduction of homopropargylic ketones by ADH could be
a very efficient process to synthesize enantiomerically enriched homopropargylic alcohols. There will
most likely be solubility issues with these hydrophobic substrates; in fact, this may be why these
compounds have not been studied with ADH enzymes to date. Therefore, we plan to use a novel enzyme
with inherent tolerance for organic solvents that could resolve solubility issues associated with non-polar
substrates. Through unpublished results, this enzyme exhibits high promiscuity and gives opportunity for
an industrial advancement of prochiral ketone reductive applications.
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CHAPTER 2: RESULTS AND DISCUSSION
In this work, our principal desire was to screen the catalytic activity of an alcohol dehydrogenase
in the enantioselective reduction of β-keto alkynes (1-para-substituted-phenyl but-3-yn-1-ones). In this
regard, our efforts focused primarily on the synthesis of thus-prepared synthons and the challenges
observed throughout the synthetic process (Scheme 2.1).

Scheme 2.1. Synthetic strategy to furnish optically pure homopropargyl alcohols.
2.1 Synthesis of racemic alcohols (1-para-subsituted-phenylbut-3-yn-1-ols), rac-47a-g
The racemic alkynols (rac-47-a-g) were prepared through routine coupling of functionalized
benzaldehyde derivatives (50a-g) with propargyl bromide (51a-b) in the presence of zinc dust (Scheme
2.2). Hitherto so-called Barbier-type propargylation of carbonyl compounds is one of the most
straightforward ways of introducing acetylenic functionalities into organic molecules.2,37 It should be
noted from a mechanistic viewpoint that Barbier-type reactions generate the organometallic species in situ
which is often more advantageous than that of a Grignard-type reaction (generation of the organometallic
carbanion and subsequent nucleophilic addition with carbonyl derivatives).37 This applies especially to
preparing Grignard reagents with propargylic halides, as it is uncertain whether such reagents can be
produced in high yields.
The propargylation of carbonyl compounds has been thoroughly studied in literature and has
successfully employed various transition metals (i.e., Mg, Zn, In, Sn, Ce, Sm, and Cr) in the Barbier-type
strategy37. Zinc is notably less harmful to the environment (comparable to other metals) and has
demonstrated proficiency in the facilitation of safe, mild reaction conditions.2 Herein we have followed a
procedure reported by Fan et al.38 that utilizes inexpensive, non-toxic metals to mediate Barbier-type
propargylations in high selectivity.
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Scheme 2.2. Synthesis of racemic homopropargyl alcohols rac-47a-g via Barbier-type propargylation. (i)
51 as 80 wt% in toluene (2 equiv), THF/DMF, 1h at RT under inert atmosphere. 50% conv. (ii) 51 as 80
wt% in toluene (4 equiv), THF, DMF, 1h at RT under argon. Isolated yields contaminated with rac-52.
(iii) Possible source of reduced yields from intramolecular cyclization.
For an accurate evaluation of moisture sensitivity, preliminary tests (inert atmosphere vs open
atmosphere) were conducted using equimolar amounts of all reagents in the synthesis of rac-47a. Argonpurged reaction conditions exhibited preferable conversion rates from the benzaldehyde starting material
50a, an outcome anticipated due to the established moisture-sensitivity of propargylic halides (the extent
and progression of catalyzed propargyl substitution reactions).10 In consideration of the prerequisite
materials required for subsequent reactions (Scheme 2.2), conversion rates were often less than ideal (<
50%) to generate sufficient yields. Unfortunately, even at longer reaction times, complete conversion was
not achieved. For this reason, equimolar amounts of propargyl bromide 51 and zinc were added to the crude
mixture of rac-47a under alike reaction conditions to optimize product conversion rates.
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This simple adjustment in reaction stoichiometry (equimolar ratios of reagents per product)
revealed improved conversion rates (> 90%) and has accordingly increased the molar excess of the
propargylating reagent (up to 4 equiv) in subsequent reactions as a convenient alternative. The results
summarized in Table 2.1 confirm the synthesis of secondary, racemic homopropargyl alcohols rac-47a–g
with varying functional group diversity in poor to excellent yields (3-98%).
Undesirable side reactions and competing allenylation drastically plagued reaction yields
(Scheme 2.3). An allenic analogue (𝛼-hydroxy allene, rac-52) is generated in situ as a minor product
(metallotropic arrangement of the triple bond) and co-precipitates with the desired Barbier-adduct10 (Fig
2.2, see peaks at approximately 4.25, 5/5.25, 7.3 ppm in the 1H-NMR). The propargyl and allenyl
moieties are analogous, exhibiting similar physical properties that induce the same rf value, and are
consequently inseparable via SiO! -column chromatography. In our best efforts to isolate the acetylenic
products rac-47a-g, the yields presented in Table 2.1 quantify the components of both analogs in
correspondence to one another (GC analysis). In the case of rac-47d, the yield is to be determined; a
reaction scale-up is needed for further product isolation.

32
Table 2.1
Synthesis of rac-47a-g via Barbier-type propargylation of benzaldehydes 50a-g

A
Entry

Aldehyde

Product

B
t(H)

Yieldc[%(A:B)]d

1

50a

rac-47a

1

82(88:12)

2

50b

rac-47b

6

67(99:1)

3

50c

rac-47c

6

22(99:1)

4

50d

rac-47d

1

(91:9)e

5

50e

rac-47e

1

25(99:1)

6

50f

rac-47f

1.5

98(98:2)

7

50a

rac-47g

4

3.4(12:88)

[a] 80 wt% in toluene [b] Granulated Zinc [c] Isolated yield after column chromatography
[d] Relative ratios of the desired propargyl alcohol to the allenic by-product, ratios determined by the area
of propargyl or allenyl product/total area of propargyl and allenyl products (GC analysis) [e] Reaction
yield is undetermined from small-scale reaction.
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An in-depth analysis of the available literature has confirmed the probability of low reaction
yields with metal-mediated propargylations.39 Granulated zinc, and previously mentioned Barbier-type
catalysts, generally function in a heterogeneous phase (biphasic-organic system), which compromises
reproducibility (inconsistent yields) and consequently generates mixed propargyl and allenic products.37
Mechanistic studies strongly suggest that these processes occur by a rapid equilibration between
propargyl and allenylzinc intermediates (54 and 57)40 with a subsequent attack on a carbonyl compound
55.37 The intermediate formation of either isomer is favored (Scheme 2.3) and can exclusively
predominate as one species based on the specific substitution pattern of the organometallic moiety.40

desired product
favored

minor product

Scheme 2.3. Reaction pathway for Barbier-type propargylations of achiral aldehydes with
propargyl/allenyl zinc reagents.40

With respect to homopropargyl alcohols rac-47a-g (Table 2.1), propargylated products
predominate when an unsubstituted allenyl/propargyl zinc functionality is utilized. The product
regioselectivity (propargyl: allenyl ratio) in Table 2.1 can be attributed to the chemoselective effects of
catalyst loadings and reaction solvents on Barbier-type propargylations.40 As reported by Fandrick et al40,
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tetrahydrofuran (THF) and higher catalyst loadings (100 mol%) promote propargylation, while toluene
and lower catalyst loadings (7 mol%) promote allenylation. It can be argued that THF and
dimethylformamide (DMF) as primary reaction solvents predominantly favored propargylated products
rac-47a-g, while the use of toluene as a carrier solvent for propargyl bromide (80 wt% in toluene) affords
the allenyl minor product.

Fig. 2.1. Regioselectivity of Barbier-type propargylations for propargyl and allenyl alcohols (GCMS
analysis). Crude reaction mixture of rac-47b (15,24, 15.32 min) and the corresponding allenic analogue
rac-52b (15.57 min).
In addition to competing allenylation, spontaneous intramolecular ring closure is a possible cause
to reduced reaction yields of Barbier-adducts.41 Slightly acidic conditions enhance the reactivity of the
unprotected hydroxyl group to attack the proposed intermediate 59 (5-endo-dig pathway), subsequently
forming 1,4 disubstituted dihydrofurans (Scheme 2.4). From the continuing interest of these compounds
to generate cyclic pharmaceutical intermediates, this method is frequently utilized to promote
spontaneous cyclization. Regarding the above-mentioned Babier-type reaction, the identity of these
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products 53 are suspected impurities in crude reaction mixtures (GC analysis). Further product
characterization (NMR) was not attempted to place primary focus on effectively separating the racemic
products rac-47a-g for consecutive reactions.

Scheme 2.4. Possible cause of reduced yields in Barbier-type propargylations via spontaneous
intramolecular ring closure.41

In summary, the reported Barbier-type strategy favored the regioselectivity of propargylic
alcohols over the allenic alcohols. The isolation process was ordinarily difficult and afforded the desired
products (3-98%) with residual contamination of the allenic by-product. Borowiecki and Dranka2 reported
high selectivity of homopropargyl alcohols by SnCl2-mediated coupling of propargylic halides in aqueous
media (sat. NH4Cl). However, we did not optimize reaction conditions any further as it was not our
primary goal.
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Fig 2.2. Crude propargyl alcohol rac-47a with contamination of the allenic byproduct (H1NMR). NMR
solvent: CDCL3.
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2.2 Synthesis of β-keto alkynes (1-para-substituted-phenylbut-3-yn-1-ones)
2.2.1 Oxidation of racemic alkynols via 2-iodoxybenzoic acid (IBX)
In accordance with our planned strategy, the requisite β-keto alkynes were synthesized in
preparation for subsequent enzymatic reactions. Attractive methodologies mediated by iodine-based
reagents (Fig 2.3) have been thoroughly studied in literature for the conversions of alcohols to aldehydes
or ketones [(Dess-Martin Periodinane (DMP), o-iodoxybenzoic acid (IBX), and acetoxyiodosylbenzoic
acid (Ac-IBX)].42 Hence, the desired alkynones 48a, 48g were obtained from the corresponding alcohols
(rac-47a, 47g) by IBX-catalyzed oxidation using 3 equiv of IBX in the respective solvent. The
representative results are summarized in Table 2.2.
Table 2.2
Oxidation of racemic alcohols rac-47a-b, e-g via 2-iodooxybenzoic acid (IBX)

3 equiv. IBXa
solvent Δ
Trial
1

Product
rac-47a

2

Solvent
EtOAcb

T (℃)
80

t(H)
15

Yieldc[%]
N.D.d

EtOAcb

80

15

0e

3

rac-47b

EtOAcb

80

15

0e

4

rac-47f

Acetone

RT

7

40

5

rac-47a

Acetone

RT

7

0e

6

rac-47g

Acetone

RT

2

N.D.d

7

rac-47a

Acetone

55

7

27

8

rac-47e

Acetone

55

7

0e

[a] 39.0+% (stabilized with Benzoic Acid + Isophthalic Acid). [b] Ethyl Acetate [c] Isolated yield after
column chromatography. [d] Not determined due to low conversion rate. [e] Desired product was not
synthesized. [f] The attempted procedure was reported by More and Finney.43
To efficiently optimize reaction conditions, the corresponding alcohols rac-47a-b (synthesized
with inexpensive starting materials 50a-b) served as experimental controls. Primary reaction attempts
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utilized ethyl acetate as a reaction solvent and refluxed in an oil bath at 80 ℃. Although IBX is notably
insoluble in most organic solvents, literature analysis confirms increased solubility rates at elevated
temperatures to permit clean oxidations.43 All reactions were performed without any precautions to
exclude air or moisture from the reaction mixture.

Fig. 2.3. Chemical relationships between pentavalent hypervalent iodine reagents.42
The primary oxidation of rac-47a (Trial 1) afforded the desired product 48a with low conversion
(<10%) as in the reaction in Table 2.2. Aiming to optimize conversion rates, the reaction was reattempted
(Trial 2, Table 2.2), but the primary results were nonreproducible. GC analysis of the crude reaction
mixture revealed a surplus of benzoic acid (IBX stabilizer) as the primary component. When repeated
with rac-47b (Trial 3, Table 2.2), GC analysis of the oxidation reaction confirmed the alike presence of
benzoic acid and comparatively, afforded the possible desired product 48b in low quantity (no presence of
starting material). Similar retention times (7.53 min, 7.57 min) and mass-spectra (MS) between benzoic
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acid (GC-MS fragments: 77, 105, 122) and the ketone product 48a (GCMS fragments: 77, 105, 144)
presume the co-elution of both components, thus masking possible product formation, and rationalize the
differences observed between both products 48a-b on the spectra.

7.53

7.57

Retention Time (min)

Fig. 2.4. [a] Superimposed spectra of known ketone product 48a and benzoic acid precipitate (GCMS
analysis). [b] Mass-spectra of the identified ketone product as a standard for comparison (7.53 min). [c]
Mass-spectra of crude oxidation product. Major product presents as benzoic acid (7.57 min). Both
analyses were conducted with the same method on GCMS.
In consideration of the premeditated acid-base extraction protocol, the crude organic residues
48a-b were treated with three additional Sodium Bicarbonate washes (sat. NaHCO" ) to aid in the removal
of the acid. By retention time characterization, GC analysis confirmed the removal of benzoic acid with
sat. NaHCO" (Fig 2.5). However, the resulting spectra presented retention times that invalidate the
synthesis of both ketone products 48a-b. As observed in Fig 2.5, the anticipated retention time of
48a (7.53 min) did not identify to the observed products (7.92, 11.56, 12.61, 12.94 min). Comparatively,
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the presumed ketone 48b presented (8.43 min) alongside benzoic acid (7.51 min). The corresponding
spectra displayed a new product peak (8.66 min) alongside 48b in decreased quantity.
In contrast to the reported procedure, these results warranted the improvement of reaction
conditions. Adjacent oxidations of rac-47a-b yielded alike results under paralleled parameters. Literature
reports variations of solvent stability to IBX when different solvents are used, consequently affecting the
solubility (or lack) of IBX-derived byproducts (IBA).43 Therefore, subsequent IBX trials employed
acetone as the reaction solvent to promote more facile reaction conditions.
Due to the depleted stocks of the specified experimental controls (rac-47a-b), the respective
alcohol rac-47f (non-terminal acetylene) was oxidized with IBX (3 equiv) in acetone at room temperature
(Trial 3, Table 2.2). During this reaction, the starting material rac-47f was totally converted into the
corresponding ketone 48f without the coprecipitation of benzoic acid (!!). For reaction reproducibility, the
procedure was reattempted to oxidize rac-47a (Trial 4, Table 2.2) under alike reaction conditions.
Disappointingly, paralleled results confirmed the existence of the benzoic acid in the crude reaction
mixture.
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7.52

a)

11.56

b)

12.61 12.94
7.97

c)

7.51

8.43

8.60

d)

Retention Time (min)

Fig. 2.5. Sodium bicarbonate washes (3) on crude oxidation products 48a-b to remove excess benzoic
acid (GCMS). [a] Precipitation of benzoic acid (7.52 min) in the crude oxidation product a. [b] Crude
residue post-wash reveals a different major product (11.56 min). [c] Precipitation of benzoic acid (7.51
min) in the crude oxidation product 48b. Presumed product presents at 8.43 min. [d] Crude residue postwash reveals a different major product (8.6 min). All analyses were conducted under the same GCMS
method.
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The potential cofounding variables between ketone syntheses prompted the investigation of
whether electrophilic directing groups (electron-donating, electron-withdrawing) affect oxidation success
rates. Among three distinctive analogues (rac-47a-b, 47f), the success of the IBX-mediated oxidation was
exclusive to the internal propargyl moiety 48f. To identify reaction covariates, we oxidized rac-47g (Trial
5, Table 2.2), a secondary internal functionality without substituent groups on the aromatic ring. The
results were intended to deduce reasoning behind the synthetic success of 48f; from the aromatic directing
group (p-OCH" ) or the internal alkyne characteristic.
The IBX-oxidation of rac-47g proceeded in acetone at room temperature as a micro-scale reaction
(only small amount isolated from the allenic byproduct). GC analysis of the crude residue revealed
product formation in low conversion (10%) without the acidic impurity. Taking into consideration
whether internal analogues were more applicable reagents, the low conversion rate was inconclusive to
diagnose reaction efficiency.

rac-#a

Scheme 2.5. Oxidation conversion rates from electrophilic aromatic directing groups. All racemic
products rac-47a, 47f-g were oxidized with IBX (3 equiv.) in acetone at room temperature. Reaction times
vary between products (reference Table 2.2).
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Upon discovery of a procedural error for reaction temperature, the oxidation of rac-47a was
reattempted once more (Trial 6, Table 2.2), heat-refluxed in acetone at 55 ℃. The simple adjustment
afforded the desired product in moderate conversion (59%) without benzoic acid (!!!). The resultant
product was purified via SiO! column chromatography to give a translucent, viscous residue. Soon after
purification, the foregone colorless oil transformed into a dark red and non-cohesive mixture.
Examination of the corresponding GCMS spectra (Fig 2.6) revealed a different molecular ion peak m/z
(162) than prior to (144), inferring the compound transformed into an unknown product.

a)

b)

c)

d)

Fig. 2.6. Proposed chemical transformation of 48a post-oxidation via IBX. [a] Gas-chromatogram (GC)
primary oxidation product. [b] Mass-spectra (7.57 retention time) of primary oxidation product. [c] Gaschromatogram (GC) of ketone product post-degradation. [d] Mass-spectra (8.22 retention time) of ketone
product post-degradation.
The observed 𝐻# NMR (Fig 2.7) confirms the existence of a mixed terminal allenic/propargyl
ketone with the integration of an unspecified singlet near 2.53 ppm, corresponding to the approximate
protons (2.47). Considering the 𝐻# NMR of rac-47a (alcohol precursor), post-factum analysis conveys the
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facile isomerization of terminal propargyl ketones to their corresponding allenones via SiO! column
chromatography.44

Fig. 2.7. H1 NMR of the transformed ketone product 48a with contamination of the allenic by-product.
NMR solvent: Chloroform-d (CDCL3).
As a last recourse, the final analysis oxidized rac-47e (Trial 8, Table 2.2) to comparably
investigate the effects of electron-withdrawing directing groups (EWG) on reaction rates. Under reflux in
acetone at 55 ℃, the oxidant converted the corresponding alcohol rac-47e (p-NO! ) into an undesired and
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undetermined product. Product characterization was not investigated further as it was not relevant to the
study. At the minimum, our results exhibit more desirable reaction rates for aromatic systems with higher
oxidation potentials 48f (EDG) versus those with lower oxidation potentials 48e (EWG). These results
directly correspond to published literature42.

Table 2.3
The effects of different oxidation potentials (aromatic directing groups) on oxidation reaction rates.

Entry

1

Starting
Material

T (℃)

t (h)

RT

7

Product
Conversion

98%
2

55

7
59%

3

RT

2
10%

4

55

7
0%

In addition to the synthetic struggles discussed, IBX is a relatively harsh oxidant on terminal
propargyl moieties45. As observed in Scheme 2.6, paralleled reaction trials (conducted by a secondary
colleague) to oxidize rac-47a-b afforded aromatic b-diketones as reaction by-products (overoxidation
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product was characterized via H1 NMR). These results afforded the desired ketones (poor conversion) but
were inseparable from additional impurities (undetermined) via SiO! column chromatography.

Scheme 2.6. Characterized products associated with IBX-mediated oxidations of compounds bearing
terminal propargyl moieties 48a-b.

The factors responsible for inconsistent results directly correlate to the concentration of IBX as a
heterogeneous oxidant42. Published literature validates the impact IBX concentrations have on the
oxidation of aromatic systems. Low concentration levels promote the competitive reduction of IBX to
IBA (Scheme 2.7), while high concentration levels evoke substrate (IBX) insolubility. The course of the
reaction was plagued by an opaque, white precipitate, mainly composed of IBA (insoluble in EtOAc,
soluble in acetone). IBA frequently functions to pull IBX out of solution and trap in a secondary complex
binding network; drastically affecting reaction rates in result.
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Scheme 2.7. Catalytic reduction of IBX to IBA during the oxidation of racemic alcohols.42,46
In view of this, the chemical composition of IBX was an unrealized problem to our synthetic
strategy. From a low percent purity (39.0%+), the oxidant stabilizers (benzoic acid and isophthalic acid)
dominate chemical proportions, rationalizing substandard reaction rates.Moreover, Kirsch45 provided
insight to pyridinium chlorochromate (PCC) as a less-harsh alternative to oxidize acetylenic compounds.
After a considerable time spent, we abandoned IBX from the warranted uncertainty of inconsistent
results.
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2.2.2 Oxidation of racemic alkynols rac-47a-c via Pyridinium Chlorochromate (PCC)
Our alternative route to β-keto alkynes (para-substituted-phenylbut-3-yn-1-ones) started from
commercially available pyridinium chlorochromate (PCC) as presented in Scheme 2.8. As reported by
Corey and Suggs47, PCC is reported to oxidize a wide array of alcohols to carbonyls in high selectivity.
We have followed a procedure to obtain thus-synthons from the corresponding racemic alkynols rac-47ac by PCC- mediated oxidation in methylene chloride.

Scheme 2.8. Synthesis of homopropargylic ketones via Pyridinium Chlorochromate (PCC).
The oxidant is not very hygroscopic48 and did not require the exclusion of air or moisture from
the reaction vessel. Secondary literature sources recommended the addition of molecular sieves or Celite
(absorbents) to the bottom of the flask to aid in the removal of the toxic by-product (black tar) associated
with the reaction process.49 The accumulation of this substance can result to reduced yields with tedious
reaction clean-up. To accurately assess the experimental potential of the reaction, primary attempts were
conducted under alike conditions in correspondence to the reported procedure (without additives). The
initial, dual efforts to oxidize rac-47a (Trial 1-2, Table 2.4) only revealed minimal product conversion
(25%) in the analysis of the crude residue (GCMS analysis). Sequential trials investigated the use of
varied times, solvents, and temperatures to promote optimal dissolution of the oxidant.
The third trial to oxidize rac-47a reacted for a longer time (24 h) under alike atmospheric and
stoichiometric conditions prior (Trial 3, Table 2.4). Separate aliquots were extracted from the reaction
mixture (12 h, 24 h) to determine the rate of product conversion. At longer times, the reactant peak
experiences additional decay at 12 h (14%) and 24 h (0%). Literature review of PCC-mediated oxidations
confirmed the correlation between longer reaction times and decreased reaction rates.50
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Table 2.4
Oxidation of racemic alcohols rac-47a-c via Pyridinium Chlorochromate (PCC)

1

Convb(%)
A
25

Convb(%)
B
0

RT

12

14

17

DCM

RT

24

0

24

Trial

Alcohol

Solvent

𝐓 (℃)

t (H)

1-2

rac-47a

DCM

RT

3a

rac-47a

DCM

4

rac-47a

Acetone

0

>8

0

1

5

rac-47a

THF

60

>8

0

8

6

rac-47b

DCM

-10

1

45

8

7

rac-47c

DCM

-10

1

0

0

All reactions were conducted on a 1 mmol scale with PCC (98.0+%). [a] 12 h and 24 h aliquot results
from Trial 3. [b] Product conversion percentage, determined by the area of allenone or alkynone/ total
area of allenone, alkynone, and alcohol starting material leftover (GCMS analysis). From the excess of
impurities in crude products, reaction yields were not presented to accurately reflect the reaction efficacy.
From previous issues of substrate insolubility and minor dehydration (2.2.1 IBX-oxidation), we
investigated the variations between reaction rates and solvents to better understand the reaction efficacy.
Literature mentions the change of solvent could negatively alter the reaction rate of PCC-based
oxidations, and lead to longer reaction times.47 Solubility tests were conducted on PCC with various
solvents [ethyl acetate, methylene chloride (DCM), acetone, and tetrahydrofuran (THF)] at room
temperature. The homogenous oxidant51 readily dissolved in THF and acetone with partial dissolution to
the other solvents. Subsequent trials involved the oxidation of rac-47a in acetone at room temperature
(Trial 4, Table 2.4) and in THF refluxed at 60℃ (Trial 5, Table 2.4). Both reactions proceeded overnight
and did not amount to any product conversion (0%). From these results, the applicability of PCC to
oxidize aromatic ketones was questioned and prompted the use of 1-phenylethanol 65, as a new positive
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control alongside subsequent trials (Scheme 2.9). Product conversion of 1-phenyl ethanol 65 to
acetophenone 66 (100%) was confirmed prior to its use as a positive control.

Scheme 2.9. Representative results of PCC reaction with 1-phenylethanol 65.
To minimize possible dehydration of the alcohol products, the oxidation of rac-47b-c (Trials 6-7,
Table 2.4) and 1-phenyl ethanol 65 proceeded in DCM with an ice/salt bath at -10 ℃ (NaCl). The positive
control 65 oxidized seamlessly (100% conv), while the crude residue of 48b (p-methyl phenyl) revealed
product conversion (40%) alongside an unassociated reactant peak (Fig 2.8). An in-depth analysis of
relevant literature exhibits the formation of allenones from the oxidation of corresponding alkynols via
Jones Reagent (Scheme 2.10).52 From both reagents being chromium-based oxidants, we theorized a
similar occurrence with our products 48a-b. Reanalysis of the precedent trials (1-2) revealed an inverse
correlation between the concentration of both analogues. As the alkynone (7.57 min) concentration
decreased, the allenone increased (7.81 min) as observed in Fig 2.9. Trials 4-5 also exhibited minor
conversion of the allene product instead of the desired acetylene. These results imply that the desired
alkynone products are susceptible to proton removal from excess oxidant 61 (α-proton deprotonation)
yielding the corresponding allenone as a secondary reaction by-product (Scheme 2.11).
It is noteworthy to mention that PCC-mediated oxidations are accelerated by electron-releasing
substituents (EDG) and retarded by their electron-withdrawing counterparts (EWG).53,54 Conceivably, the
lack of product formation (0% convn) to oxidize rac-47c (p-bromo phenyl) validates this claim (Trial 7,
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Table 2.4). Adverting to previously mentioned reaction modifications (2.1, Synthesis of rac-47a-g via
Barbier-type propargylation), equimolar amounts of PCC were added to the crude mixtures rac-47b-c in
DCM to optimize product conversion rates. Disastrously, the resulting crude residues revealed an excess
of reaction impurities as a result.

Scheme 2.10. Jones Reagent oxidation of racemic alkynols to yield respective allenones.52

Scheme 2.11. A theoretical pathway of PCC-mediated oxidations affording allenones 64 via a-proton
deprotonation of the desired alkynone 48. Possible bases: Cl- or pyridine (reaction byproducts).

52

Fig. 2.8. Representation of alkynone and allenone product formation via PCC-mediated oxidation. GC
components of crude reaction mixture 48b: 8.27 min: unreacted starting material rac-47b; 8.48 min:
alkynone product 48b; 8.59 min: suspected allenone product 64b.

a)

b)

c)

Fig. 2.9. Inverse correlation between alkynone and allenone products (alkynone decreases as allenone
increases). GC components of crude reaction mixture 48a (7.53 min: unreacted starting material rac-47a;
7.57 min: alkynone product 48a; 7.81 min: suspected allenone product 64a. [a] 1h reaction time. [b] 12h
reaction time. [c] 24h reaction time.
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It is noteworthy to mention that PCC-mediated oxidations are accelerated by electron-donating
substituents (EDG) and retarded by their electron-withdrawing counterparts (EWG).53,54 Conceivably, the
lack of product formation (0% convn) to oxidize rac-47c (p-bromo phenyl) validates this claim (Trial 7,
Table 2.4). Adverting to previously mentioned reaction modifications (2.1, Synthesis of rac-47a-g via
Barbier-type propargylation), equimolar amounts of PCC were added to the crude mixtures rac-47b-c in
DCM to optimize product conversion rates. Disastrously, the resulting crude residues revealed an excess
of reaction impurities as a result.
Comparisons of oxidation rates between the positive control 65 and rac-47a-c portray the oxidant
as intolerable to propargylic alcohols. Additional trials employed silica gel as an absorbent in
oxochromium(VI)-mediated oxidations,55 but did not amount to substantial success (conducted by a
secondary colleague). These results support the theorized mechanism of a redirected proton pathway to
yield allenic analogues. For reaction optimization, synthetic strategies that completely consume the
oxidant (upon reaction completion) would prevent subsidiary reaction pathways. Nonetheless, the
considerable time spent on impasse procedures (IBX and PCC) prompted yet another investigation into an
efficient, selective oxidation strategy.
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2.2.3 Oxidation of racemic alkynols #rac-b via Dess-Martin Periodinane (DMP)
In pursuit of a regiocontrolled synthesis of homopropargyl ketones, Dess-Martin Periodinane
(DMP) was resolved as a final recourse to oxidize secondary alcohols. Literature has reported the
synthesis of DMP as a dissolute improvement to the predisposed insolubility of IBX.56 As observed in
Scheme 2.11, DMP is readily prepared from IBX by using acetic anhydride and acetic acid.
This reagent has been widely used because of its simplicity and selectivity in oxidizing alcohols with
sensitive functionalities (i.e., homopropargylic alcohols, homoallylic alcohols, fluoro alcohols). As per
the reported procedure57, the iodine-based reagent performed in methylene chloride to oxidize the
respective alcohol rac-47b for 1 h at room temperature.

Scheme 2.12. Chemical transformation of IBX to DMP via acetic anhydride and acetic acid.42
Post-reaction analysis exhibited a facile conversion (100% convn) of the desired ketone alongside
two additional impurities in high quantity. Although this reaction exhibits high regioselectivity for
propargylic ketones, chromatographic work-up was arduous to circumvent, and significantly impacted the
reaction yield (19%). Initial efforts to develop an adequate mobile phase for product separation resulted in
the coelution of all crude components without separation (11:1 hexanes/ethyl acetate). Despite the
modification of a more non-polar mobile phase (13:1 hexanes/ethyl acetate), the reattempt to isolate
accrued an equivalent outcome. To decelerate product elution, the third mobile phase was prepared from a
very low Rf value (< 0.2) to produce the corresponding solution (22:1 hexanes/ethyl acetate). This
modification afforded minor isolation of the desired product with minimal contamination of the crude
impurities.
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Scheme 2.13. Oxidation of rac-47b via Dess-Martin Periodinane and subsequent chromatographic workup.
Upon product characterization (H1NMR, C13 NMR), the post-isolated ketone exhibited spectral
properties that were identical to the allenic analogue 64b as opposed to the acetylene product 48b (product
confirmation by Li et al).58 Detailed examination of the literature warrants the facile isomerization of
terminal propargyl ketones to their corresponding allenones via silica gel column chromatography.44
Moreover, other side reactions are reported with resulting allenones in the case of electron-rich or
electron-poor aryl-substituents (Scheme 2.13).

Scheme 2.14. Reported side-reactions associated with DMP-mediated oxidations and SiO2
chromatographic work-up of terminal propargyl ketones 44
Regarding electron-donating functionalities, the release of acetic acid from DMP-oxidations
promotes nucleophilic acyl substitution with 64 to yield 74. The corresponding allenone with electronwithdrawing substituents can isomerize to produce an α-keto alkyne 75. The following product 74 was a
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suspected impurity of 48b and probable cause to the reduced yield (GCMS analysis). Further product
characterization of the impurity was not acquired as our primary focus was isolating the desired product.
Note that allenyl ketones are often prepared through the oxidation of available homopropargyl alcohols to
undergo a base-catalyzed isomerization of 48 to 64. Comparable isomerization has also been observed via
Al2O3 column chromatography.

2.2.4 Oxidation conclusions
Ensuing the tedious chromatographic work-up of 64b (via DMP oxidation), relevant literature
emerged on the instability of terminal propargyl ketones and corresponding allenic analogues.59,60 From
observed product degradation, these substrates are directly used in consecutive steps or stored under
nitrogen in the cold. These sources justify the observed physical change of 48a (non-cohesive, dark red
residue) and the proposed degradation via IBX-mediated oxidation (see 2.2.1).
Among the reported synthetic trials, the synthesis of homopropargylic ketones was exclusive to
48f, the internal alkyne functionality. The corresponding ketones in Table 2.5 are the most proficient
results from inclusive oxidation trials. Considering enzymatic reduction was not yet attempted,
subsequent efforts were employed to screen the respective ketones against the specified alcohol
dehydrogenase.

Table 2.5
Summary of beta-keto alkynes synthesized with varying reaction conditions

1

Starting
alcohol
rac-47a

2

rac-47b

DMP

DCM

RT

1

19

Allenyl

3

rac-47f

IBX

acetone

RT

7

40

Propargyl

Entry

Oxidant

Solvent

T(℃)

t(H)

Yield [%]

IBX

acetone

55

15

27

Final
Ketone Product
Propargyl/allenyla

[a]Product characterization confirmed mixed properties of propargyl/allenyl ketone.
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2.3 Biocatalytic reduction of prochiral ketones 48a-b, and f using a novel alcohol dehydrogenase
Although KREDs are often utilized in prochiral ketone reductive applications,61 very little is reported
regarding ADH-catalyzed reductions of β-keto alkynes. To the best of our knowledge, the preparation of
the optically active alkynols is exclusive to lipase-mediated transesterifications and chemocatalytic
asymmetric reductions. Borowiecki and Dranka2 utilized lipases towards the synthesis of the respective
alcohols and obtained enriched forms in high enantioselectivity (>99% ee). However, this approach is
limited to the kinetic resolution of the racemic alcohols (Scheme 2.15), thus resulting in restricted
conversion rates (50%).

Scheme 2.15. KR of phenyl-but-3-yn-1-ols via lipase-catalyzed transesterification.2
The other enzymatic approach, published by Maddess and Lautens62, utilized a Scandium (III)
catalyst to obtain the enantioenriched alcohols from asymmetric propargylation. The synthetic strategy
afforded the desired allylic, homopropargyl alcohols in good yield (81%) and high enantioselectivity
(91% ee) as presented in Scheme 2.16. However, due to the toxicity of heavy metals, chemocatalysts are
generally avoided for the use of active pharmaceutical ingredients.2

Scheme 2.16. Formation of enriched homopropargyl alcohols via Sc (III)-mediated asymmetric
propargylation.63
Therefore, this study employed the use of a novel alcohol dehydrogenase to prepare
enantiomerically enriched homopropargyl alcohols. Considering that enzymatic trials are not yet
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conclusive to the manufacturer (unpublished results), the biochemical disposition of the enzyme is not
discussed. Notably, the stability or robustness of an enzyme significantly influences the energy-savings
associated with industrial-scale productions.36 The reported enzyme demonstrates industrially attractive
capabilities that resolve issues of solvent stability for hydrophobic substrates unable to dissolve in
aqueous biocatalytic systems. The noted versatility and promiscuity of the enzyme offers opportunity to
supplement or substitute current industrial processes in a facile manner.
To identify the scope and limitations of the enzyme, an enzymatic screening of the specified
substrates (48a, f and 64b) was performed by asymmetric reduction. All enzymatic reactions consisted of
a prochiral substrate (48a, f and 64b) dissolved in absolute ethanol to develop a standard concentration
(Table 2.6). The corresponding reaction media comprised of an aqueous phosphate buffer using glucose
dehydrogenase/d-glucose as the NADH regeneration system (Scheme 2.16). The representative results are
summarized in Table 2.6.

Scheme 2.17. Prochiral reduction of β-keto alkynes to β-hydroxy acetylenes with NADH regeneration
system of d-glucose dehydrogenase and d-glucose. Adapted from ref.31
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Table 2.6
Asymmetric reduction of 48a, 48f and 64b via ADH to yield enantiopure alcohols 49f

1

Starting
Ketone
48a

Concentration
[mM]a
1.65

2

64b

3

48f

Entry

Convb [%]

eec [%]

0

-

8.25

0

-

8.25

75

99

[a] Concentration of starting solution before enzyme was added. [b] conversion rates from starting ketone
to desired alcohol. [c] enantiomeric excess, calculated from enantiomeric excess of the unreacted alcohol
(ees) and the product (eep) according to the following equation. conv.=ees/(ees+eep)2 Reaction trials were
conducted alongside positive (C+) and negative controls (C-).
Preceding enzymatic trials to screen various substrates (β-keto nitriles, β--keto esters, 𝛼-keto acids, γketo nitriles, keto phosphonates) observed minimal enzymatic activity post-72h reaction time, thus
developing a reaction standard to arrest reaction mixtures accordingly (trials were conducted by a former
colleague). Therefore, the extraction of reaction aliquots (0h, 24h, 72h) in this study were conducive to
obtain enhanced catalytic performance (monitored by GCMS).
From the set of experiments, it turned out that only 48f was suitable for the enantioselective reduction.
Adversely, the other substrates 48a, 64b remained inactive or a residual activity. In turn, the
unprecedented alcohol dehydrogenase afforded the respective enantiomer 49f with excellent
enantioselectivity (>99% ee) and good conversion (75%). The experimental result is represented in Fig
2.10.
All the experimental assays were conducted alongside positive (C+) and negative controls (C-) to
monitor reaction efficacy. The noted, facile reduction of acetophenone qualified its use as the reaction
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positive control. The negative control analyses (reaction mixture without the enzyme) were critically
important to determine the reaction limitations of 48a and 64b.

a)

b)

Fig. 2.10. Prochiral ketone reduction of 48f via ADH (>99% ee). [a] Racemic alcohol standard rac-47f:
enantiomers (68.08 min, 68.54 min). [b] Enantioenriched alcohol 49f: enantiomer (68.58 min). Figure
was conducted by GCMS analysis.
With regard to 48a, further examination of the reaction aliquots (0h, 24h, 72h, C- 72h) revealed
the alike mass-spectra of the decomposed ketone product. The ketone was noted unstable and underwent
an unspecified chemical reaction (see 2.2.1 IBX Oxidation); thus justifying the anticipated result. The
terminal allenic substrate 64b exhibited mass-spectra variations between the post-isolated ketone and the
initial aliquot (0h). The negative control (C- 0h) revealed alike variations to the initial aliquot (0h), also
conveying the decomposition of the ketone product. The final aliquot (72h) presented an undesired
reaction product with a retention time deviation, displaying an unanticipated enzymatic by-product. These
results prompt the inquiry of the potential outcomes associated with ADH-catalyzed reductions of
terminal allenic analogues. Product characterization is required to support additional claims of this data.
The performed experiments presume that the enzymatic binding site has a strong affinity for
internal homopropargylic alcohols bearing phenyl rings with electron-donating substituents (p-OCH3).
The enantioselective synthesis of 49f (>99% ee) gives the opportunity to construct a library of alike
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substrates for further enzymatic analysis. It stands to mention that an enzymatic reaction scale-up is
required to obtain adequate reaction yields. Relevant data to the study (i.e., temperature and solvent
impacts on enzymatic activity) is needed to accurately define the enzyme’s limitations and capabilities.
The concern for degradation of terminal propargyl/allenyl products 48a, 64b prompt the immediate
reduction of substrates post-oxidation for reaction optimization. As a final observation, additional
reductions of substrates with varying group diversity (electron-withdrawing substituents) are necessary to
efficiently characterize the biocatalyst. The presented results indicate the enzymatic potential to reduce a
significant library of internal β-keto alkynes by the novel alcohol dehydrogenase.
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CHAPTER 3: CONCLUSIONS AND FUTURE OUTLOOK
We attempted to synthesize a diverse library of para-substituted-phenylbut-3-yn-1-ones for
asymmetric reduction by a novel, alcohol dehydrogenase. In our efforts to synthesize optically pure
homopropargyl alcohols, both organic and biochemical methodologies were critical in synthesizing the
respective beta-keto alkynes for subsequent enantioselective reduction.
A library of racemic para-substituted-phenylbut-3-yn-1-ols rac-47a-g have been synthesized via
Zinc-mediated Barbier-type propargylation of functionalized benzaldehyde derivatives using propargyl
bromides (51) furnishing poor to excellent yields (3-98%). All reaction products exhibited residual
contamination of the corresponding allenic analogue (alpha-hydroxy allene) from metallotropic
rearrangement of the alkyne. Subsequently, the respective racemates rac-47a-b, 47e-g were oxidized with
o-iodoxybenzoic acid (IBX) to yield the corresponding alkynones 48a, 48f. The substandard chemical
composition of the oxidant (39.0%+) significantly impacted substrate dissolution rates, thus providing
inconsistent and non-reproducible results.
To improve conversion rates, additional oxidants were analyzed for reaction efficiency. Oxidation
trials with Pyridinium Chlorochromate (PCC) afforded a mixture of alkynone 48 and allenone 64
products in the crude residue. Dess-Martin Periodinane (DMP) afforded the desired product 48b with high
regioselectivity that facilely isomerized into its corresponding allenone 64b via SiO2 column
chromatography. Previous reports in literature analysis supported the conclusion that competing
allenylation with terminal alkynes impeded oxidation conversion rates.
The respective ketone substrates 48a,48f, 64b were screened against the alcohol dehydrogenase
for enantioselective asymmetric reduction. The examined biocatalyst demonstrated good conversion
(75%) and excellent enantioselectivity (>99% ee) toward the ketone substrate 49f, an exclusive internal
acetylene. It was established that terminal alkynes/allenes 48a,64b were incompatible with the enzymatic
reaction conditions.
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In closing, the synthesis of internal homopropargylic ketones with electron-donating groups
presumed as suitable substrates to undergo enantioselective reduction by the specified ADH.
Investigations of carbonyl propargylations with higher regioselectivity are of interest to synthesize a
library of internal acetylenes. Reaction optimization for enzymatic analyses requires a reaction scale-up to
efficiently characterize the scope and limitations of the enzyme. Compared to literature,2,62 the developed
procedure revealed increased conversion rates for the synthesis of homopropargyl alcohols.
Through a challenging synthetic process, the presented results established a foundational basis
for navigating competing side reactions, efficient separation techniques via column chromatography,
promoting increased substrate dissolution, and confirming the validity of analytical inferences (GCMS,
NMR). In addition to reduced industrial costs, this project constitutes a framework to produce a diverse
library of optically active nucleoside intermediates, essential to the synthesis of antiviral therapies.
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CHAPTER 4: MATERIALS AND EXPERIMENTAL
4.1 Materials and Instrumental Analysis
Reagents and reaction solvents were purchased from various commercial sources (Sigma Aldrich,
Fischer Scientific) and were used without further purification. Analytical GCMS grade solvents (hexanes,
ethyl acetate) and NMR-grade solvents (CDCl" ) were obtained from the Department of Chemistry and
Biochemistry of Georgia Southern University. Reactions that required anhydrous conditions, were purged
under an inert atmosphere of argon (≥ 5 minutes prior-to-use) using oven-dried glassware. Evaporation of
solvent residues was performed by rotary evaporation and a high-vacuum pump. Thin-layer
chromatography analyses were carried out on TLC aluminum plates covered with silica gel of 0.2 mm
thickness film containing a fluorescence indicator. UV light was used as a visualizing agent. The reaction
products were purified by column chromatography on silica gel. Enantiomeric excess (% ee) of reduced
products (49f) were determined by GCMS analysis. Retention times are given in minutes under these
conditions. 1H NMR (300 MHz) and 13C NMR (300 MHz) analysis was performed with instrumentation
obtained from Georgia Southern University, Department of Chemistry and Biochemistry. 1H, 13C chemical
shifts (δ) are reported in parts per million (ppm), relative to solvent signals [CDCl3, δH (residual CHCl3)
7.26 ppm. Chemical shifts are described as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), q
(quartet), m (multiplet); coupling constants (J) are reported in Hertz. NMR interpretation was supported by
ChemDraw NMR Predictor software and cited references.

4.2 Synthesis
4.2.1 Synthesis of racemic homopropargyl alcohols (1-para-substituted-phenylbut-3-yn-1-ols)
4.2.1.1 Representative procedure for Barbier-type propargylation of 50a-g, Synthesis of 1-phenylbut-3yn-ol rac-47a
The appropriate aldehyde 50a (2 mL, 20.5 mmol), propargyl bromide 51a (4.5 mL, 41 mmol, 80
wt% in toluene), THF (41 mL), DMF (41 mL), and zinc dust (4.2 g, 61.5 mmol) were added to a roundbottom flask at room temperature for 30 minutes with stirring. A second portion of propargyl bromide
(4.5 mL, 41 mmol) was added to solution for 30 minutes, totaling 1 hour of reaction time. Preliminary
testing involved TLC analysis (9:1 hexanes/ethyl acetate) of reaction aliquots (0 min, 30 min, 1 hour) to
observe the substrate conversion process. TLC observed at 30 minutes exhibited starting material and the
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TLC taken at 1 hour showed the formation of a new product. Upon completion (1 hour reaction time),
ammonium chloride (approx.15 mL) was slowly added to quench the reaction and vacuum filtrated to
remove excess zinc. The filtrate was washed with NaHCO" and saturated NaCl for the extraction of the
aqueous layer with ethyl acetate (3 × 15 mL). The combined organic phases were dried with anhydrous
MgSO$ and concentrated in vacuo. The crude reaction mixture was purified by column chromatography
on silica gel (10:1 hexanes/ethyl acetate) to yield 1.7 g (82%) as a yellow, oily residue. The resulting
alcohols rac-47a-g were synthesized in 3.4-98% yield.

4.2.2 Synthesis of β-keto alkynes (1-para-substituted-phenylbut-3-yn-1-ones)
4.2.2.1 Representative procedure for the oxidation of rac-47a and rac-47f via IBX, Synthesis of 1phenylbut-3-yn-one (48a)
To a solution of 2-iodoxybenzoic acid (IBX) (1.72 g, 6 mmol) in acetone (14 mL), the respective
racemic alcohol rac-47a (0.3 g, 2 mmol) was added. Before use, preparative steps involved grounding the
oxidant (IBX) into a fine powder by mortar and pestle. The resulting solution was immersed in an oil bath
set to 55 ℃ under reflux and stirred open to the atmosphere. After 7 h, the reaction was quenched with
deionized water (approx. 5 mL) and cooled to room temperature. After removing the oxidant (IBX) by a
medium glass frit, the filter cake was washed with NaHCO3 to extract the aqueous layer with diethyl ether
(3 × 15 mL). The combined filtrates were dried with anhydrous MgSO$ and concentrated in vacuo to
yield the desired acetylenic product. Purification of the crude reaction mixture by column
chromatography on silica gel (10:1 hexanes/ethyl acetate) promoted spontaneous isomerization to yield a
mixed propargyl/allenyl product of 0.11 g (37%) as a translucent, oily residue. The resulting
propargyl/allenyl ketone 48a and desired propargyl ketone 48f were synthesized in 37-40% yield and
characterized with gas chromatography (GCMS) and nuclear magnetic resonance (NMR).

66
1-(4-methoxyphenyl) hex-3-yn-1-one (48f)
1

H NMR (300 MHz CDCl3) δ: 7.8 (d, 2h, J=6.8 Hz1.7Hz), 6.8 (d, 2h, J=7.2 Hz), 5.0 (t, 3h, J=3.1Hz), 3.8

(s, 2h), 2.4 (dq, 2h, J=7.5, J= 3.4), 1.0 (t, 2h, J=7.5 Hz); 13C NMR (75 MHz CDCl3) δ: 215.7, 193.4,
162.9, 131.5, 113.2, 108.2, 77.5, 77.2, 55.5, 21.5, 12.3.

4.2.2.2 Representative procedure for the oxidation of rac-47a-c via PCC, Synthesis of 1-phenylbut-3-ynone 48a
The respective racemic alcohol rac-47a (1 mmol) in dichloromethane (DCM) (1.5 mL) and
Pyridinium Chlorochromate (PCC) (1.5 mmol) in DCM (2 mL) were stirred open to atmosphere for 1-2
hours. The solution became briefly homogeneous before depositing a black tar-like substance (acidic byproduct). Upon reaction completion, the black reaction mixture was diluted with 5 volumes of diethyl
ether and vacuum filtrated. The black precipitate was washed twice with additional diethyl ether (causing
it to become granular). The combined filtrates were dried with anhydrous MgSO$ for product
characterization via GCMS with poor to moderate conversions (14-45%).

4.2.2.3 Representative procedure for the oxidation of rac-47b via DMP, Synthesis of 1-(p-tolylphenyl)
buta-2,3-diene-1-one 64b
To a solution of the respective racemic alcohol rac-47b (0.19 g, 1.22 mmol) in dichloromethane
(DCM) (6 mL), Dess-Martin Periodinane (DMP) (3 mL, 1.5 mmol, 15 wt% in DCM) was dissolved in
DCM (7 mL) and added dropwise over 5 minutes by syringe. The solution stirred under argon for 1 hour
monitored by TLC (11:1 hexanes/ethyl acetate) until the required conversion was achieved. The solution
was quenched with deionized water and washed with NaHCO" for the extraction of the aqueous layer
with diethyl ether (3 × 15 mL). The combined filtrates were dried with anhydrous MgSO$ and
concentrated in vacuo to yield the desired acetylenic product. Purification of the crude reaction mixture
by column chromatography on silica gel (22:1 hexanes/ethyl acetate) promoted spontaneous
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isomerization to yield the allenic ketone 0.04 g (19%) as a translucent, oily residue. The resulting ketone
was characterized with gas chromatography (GCMS) and nuclear magnetic resonance (NMR).

1-(p-Tolyl) buta-2,3-dien-1-one (64b) 1H NMR (300 MHz, CDCl3) δ 7.81 (d, 2H, J= 8.1 Hz), 7.24 (d, 2H,
J= 6.0 Hz), 6.43 (t, 1H, J= 6.9 Hz), 5.25 (d, 2H, J= 6.6 Hz), 2.39 (s, 3H).
13

C NMR (75 MHz, CDCl3) δ 216.9, 190.2, 143.8, 132.0, 129.2, 128.9, 93.2, 79.2, 77.5 21.7. The NMR

data corresponds to literature. 64

4.2.3 ADH-catalyzed asymmetric synthesis of enantiopure alcohols
4.2.3.1 General procedure for prochiral ketone reduction via ADH, Synthesis of 1-(4-methoxyphenyl)
hex-3-yn-ol (49f)
The ketone 48f was dissolved in absolute ethanol (5M). The resulting mixture was diluted (1.86
mM, 330 µL) and subsequently, KPI buffer (1.32 mL), 1M glucose solution (100 µL), and NADH (100
µL) were added to a micro centrifuge tube (Rxn tube). The reaction mixture was shaken for 30 seconds.
ADH (100 µL) and GDH (50 µL) were promptly added to the reaction tube to begin enzymatic reduction.
The addition of all reaction components ensued a micro-scale extraction of 200 µL as an initial aliquot (0
h). The aqueous layer was extracted with DCM (150 µL) for GCMS analysis. These extraction methods
were repeated for subsequent aliquots (24 h, 72 h). GCMS confirmed the synthesis of 49f with good
conversion (75%) and excellent enantioselectivity (>99% ee). Positive and negative controls were
conducted alongside enzymatic screenings to monitor reaction efficiency. The positive control analyzed
the reduction of acetophenone under alike reaction parameters. The negative control analyzed the effects
of the aqueous reaction media on the non-racemic substrate without the presence of the enzyme (ADH).
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